The corrosion inhibiting action of a novel cationic surfactant on the dissolution of carbon steel (Csteel) in 1M HCl has been investigated using weight loss, electrochemical impedance spectroscopy and potentiodynamic polarization techniques. The effect of inhibitor concentration and temperature on the corrosion rate of C-steel was determined from weight loss approach. While the electrochemical and potentiodynamic measurements were used to explain the behavior of C-steel at a temperature 20 °C. Adsorption of the cationic surfactant on the surface of the C-steel pipeline is a mixture of physical and chemical adsorption and obeys Langmuir isotherm. The thermodynamic data of activation and adsorption were calculated and explained.
INTRODUCTION
C-steel is used in many fields such as building materials for pipe work in oil and gas production such as tubular hole down, pipe tubes and conveying tubes [1] . Oil well stimulation, usually done with hot solutions of HCl, resulting in a severe corrosion attack on the production pipes, bottom hole tools and casing. Stimulating oil wells is what describes a variety of processes that are done to improve well production. Open new channels in the oil and gas rock to flow through the so-called stimulation [2] . In order to diminish the impact of corrosion on industrial facilities, many ways were applied. However, it is one of the best ways to protect metals from corrosion damage is the application of corrosion inhibitors [3] [4] [5] [6] [7] [8] . These inhibitors can be organic or inorganic origin. There are many compounds such as chromates and nitrite give high inhibition corrosion efficiency but unfortunately these compounds are toxic and dangerous to the environment, and there are warnings about their use. Therefore, many attempts to find alternatives to similar activity or better inhibitory and friendly to the environment [9] . The capacity of organic compounds as corrosion inhibitors depend on the amount of adsorption and the amount of the covered part of the metal surface [10] [11] [12] [13] [14] [15] .
It was found that adsorption of organic inhibitors depended on the molecular structure of the inhibitor, the presence of active surface in their structure, charge of the metal used, and type of corrosive electrolytes [16] . The adsorption process on the surface of the electrode is stimulated by the presence of hydrophilic and hydrophobic groups in the chemical structure of the inhibitor [17, 18] . Thus, the application of compounds that have surface activity as corrosion inhibitors consisting of one hydrophilic head group and one hydrophobic chain have been extensively studied [19] [20] [21] [22] [23] [24] [25] It has been reported that quaternary ammonium compounds are important as corrosion inhibitors in hydrochloric acid [26] . The concentration effect, functional groups and halide ions of the quaternary ammonium inhibitors have been extensively studied for the inhibition of corrosion of steel. The addition of halide ions to organic cations as a synergistic effect leads to improved inhibition efficiency [27] . Literature indicated that the long chain alkyl quaternary ammonium compounds are good inhibitors for corrosion of steel in acidic solutions [28] The goal of this manuscript is to study the adsorption and the inhibition effect of C-steel corrosion in 1M HCl solution using weight loss, potentiodynamic polarization and electrochemical impedance spectroscopy measurements. The thermodynamic parameters of the adsorption of the cationic surfactant on the C-steel surface were also investigated
EXPERRIMENTAL METHODS

Synthesis of cationic surfactant
The synthesis of cationic surfactant takes place in three steps. Firstly, the quaternization reaction of 1-bromododecane with an appropriate amount of 2-(dimethylamino) ethanol in the molar ratio of 1:1 to produce N-(2-hydroxyethyl)-N,N-dimethyldodecan-1-aminium bromide, [29] . Reactant substances have been allowed to reflux in ethanol for 12 h. Then leave the reaction mixture to cool down at room temperature. The precipitate was purified by ether, then crystallized from ethanol. In the second step, the esterification reaction of ammonium tetrachloride salt synthesis and phosphoric acid in the presence of toluene as a solvent and p-toluene sulfonic acid as a drying agent [29] in the molar ratio of 1: 1 to produce N-dodecyl-N,N-dimethyl-O-(2-phosphonoethyl)hydroxylammonium bromide. The reaction was completed when the water was removed from the reaction system. The reaction mixture was distilled under vacuum to completely remove the solvent. In the third step, the product of the second step and polyethylene glycol were esterified as described in the second step in the molar ratio of 1: 2 to produce N-(2-((bis((26-hydroxy-3,6,9,12,15,18,21,24-octaoxahexacosyl)oxy)phosphoryl)oxy)ethyl)-N,Ndimethyldodecan-1-aminium bromide. The chemical structure of the synthesized inhibitor (Fig. 1) 
Materials
In this study, C-steel specimens were used with the following chemical composition (wt.%): 0.19% C, 0.94% Mn, 0.022% Cu ,0.014% Ni, 0.016% V ,0.05% Si, 0.034% Al, 0.009% Cr, 0.009% P, 0.004% S, 0.003% Ti and the rest is Fe. All the solutions used in this manuscript were freshly prepared from Aldrich chemicals using bidistilled water. Stock solutions of HCl solution were prepared using bidistilled water. The inhibitor solutions were prepared by dissolving the required amount of the cationic surfactant in bidistilled water and the desired concentrations were obtained by appropriate dilution.
Weight loss measurements
The C-steel specimens with a dimension of 5 cm x 3cm x 0.4 cm polished with a different grades of emery paper and then washed with distilled water and acetone. After weighing accuracy, the specimens were submerged in a beaker containing 100 ml of 1 M HCl solution devoid of and containing different concentrations of the synthesized inhibitor at various temperatures in the range 20-80 o C. The temperature was controlled by water bath provided with a thermostat control ±1 o C. Csteel samples were taken after 24 hours. Rinse with distilled water twice and degreased with acetone. After the samples were immersed in 1 M HCl solution for 10 seconds (chemical method to clean the rust products), rinse twice with twice distilled water, dried, and carefully weighted. Trials were conducted in three versions. The tests were repeated at different temperatures.
Electrochemical measurements
Potentiodynamic polarization experiments were performed using a cell containing three electrodes, platinum counter electrode (CE) and a saturated calomel electrode (SCE) and working electrode (WE). WE used in the experiments is a cylindrical C-steel rod embedded in Araldite with an exposed surface area of 0.42cm 2 31 PNMR of cationic surfactant.
W L measurement
Effect of cationic surfactant concentration
The corrosion rate (k) was computed from the next equation [31] .
where (ΔW) the average weight loss, (A) is the surface area in cm 2 and ( t) is the time in hours.
Corrosion rate values of C-steel in 1 M HCl solution are shown in the absence and presence of various concentrations of the cationic surfactant in Table 1 . Inspection of this Table, it is observed that, the value of k decreases with the increased concentration of the cationic surfactant. Corrosion inhibition gradually increased by increasing the inhibitor concentration. The inhibition efficiencies (η w ) of the C-steel in 1 M HCl solution devoid of and containing the different concentrations of cationic surfactant are calculated according to the following equation [32] .
where k free and k inh the corrosion rate of the C-steel in1 M HCl solution devoid of and containing various concentrations of cationic surfactant, respectively.
More inspection of Table 1 revealed that, the values of η w increase with increasing the concentrations of cationic surfactant. 
Effect of temperature
The influence of rising temperature on the η w obtained by weight loss of the C-steel was evaluated in the absence and presence of different concentration of cationic surfactant in 1.0 M HCl solution are represented in Fig. 5 . Inspection of this figure and the data in Table 1 clarified that, as the temperature rises, the amount of weight loss increases. The increase of corrosion rate due to an accelerating factor of temperature, which increases the energy of the reacted species, as a result, chemical reactions get much faster [33] . The worthless changing of the value η w with increasing temperature may mention to the vigorous adsorption of the cationic surfactant on C-steel surface [34] . Therefore, the C-steel surface is effectively protected from the hydrochloric corrosion solution by forming the adsorption film [35] .
Kinetic parameters
Thermodynamic activation parameters such as energy activation (E a ), enthalpy (ΔH*), and entropy (ΔS*) of activation have an important role in understanding the mechanism of inhibition by organic compounds. The activation energy values (E a ) were calculated from the Arrhenius equation as follows [36] :
where, k is the rate of C-steel corrosion, A is the frequency factor, and R is the universal gas constant. Figure 6 shows a plot of ln k against 1/T of C-steel corrosion in 1 M HCl solution in the absence and presence of different concentrations of cationic surfactants is presented in Fig.6 . The linear curve was obtained with slope equal (-E a /R). The values of E a , was calculated and included in Table 2 it is clear that the values of E a are less or no change compared to the blank. The low or no change in the activation energy value in the presence inhibitor compared with that in its absence is attributed to its chemisorption, whereas the reverse is the case with physical adsorption [37] . In order to calculate the enthalpy, ΔH * and entropy, ΔS * of activation of the corrosion process, the alternative formula of Arrhenius equation, also called the transition state equation was used [38] :
where h is the Planck's constant, N is the Avogadro's number, T is the absolute temperature and R is the universal gas constant.
The plots of ln (k/T) versus 1/T, were given straight lines as shown in Fig.7 for C-steel dissolution in 1 M HCl solution in the absence and presence of different concentrations of cationic surfactant. Straight lines are obtained with a slope of (-ΔH*/R) and an intercept of ln ((R/Nh) + ΔS*/R). The values of ΔH* and ΔS* are shown in Table 2 . The positive values of ΔH* in the absence and presence of inhibitor reflect the endothermic nature of the C-steel dissolution process and indicates that the dissolution of C-steel is difficult. Table 2 also shows that the values of Ea and ΔH* are vary in the same manner. This result allows to verify the known thermodynamic reaction between the E a and ΔH* equation (5) [39] But the values of ΔH* are lower than the E a value. This has been reported [40] to indicate that the corrosion process must involve a gaseous reaction, simply a hydrogen evolution reaction associated with a decrease in the total reaction volume.
The values of ΔS* in the absence and presence of the synthesized cationic surfactant are negative (Table2) This indicates that the activated complex in the rate determining step represents an association rather than dissociation meaning that a decrease in disordering takes place on going from reactants to activate complex. 
Adsorption isotherm and the mechanism of inhibition
Generally, the mechanism of inhibition of corrosion of C-steel in HCl solution in the presence of cationic surfactant is the adsorption of it at the C-steel /solution interface For the inhibitory process, it is generally assumed that the absorption of cationic surfactant molecules on C-steel surfaces cannot be considered pure physical or purely chemical absorption. The value of inhibitory efficiency depends on several factors; such as the occurrence of some active center in the chemical composition of the inhibitor to accelerate the adsorption process, the nature of the electrode and the corrosive solution used, the charge density, molecular size, temperature, reaction and ability of the inhibitor to form complexes with metal ions [41] ..The important information about the interaction between the cationic surfactant and the C-steel surface can be interpreted by adsorption isotherm. The degree of surface coverage (θ) for different concentrations of cationic surfactant in 1.0 M HCl was evaluated by weight loss equation (3) [39]:
So far, the best results are provided by application of Langmuir isotherm and it can be can be applied using the following equation: [43] where C is the concentration of the cationic surfactant compound, and K ads is the equilibrium constant of adsorption. Figure 8 represents the relation between C/ θ and C. A straight line was obtained with the slope clothed to unity indicating the adsorption of cationic surfactant on the C-steel surface obeys Langmuir isotherm [43] . From these results one can assume that there is no interaction between the adsorbed species. Furthermore, the basic attribute of Langmuir isotherm can be elucidated in the term of a dimensionless separation factor, R L [43] , which describe the type of isotherm and its definition by:
The low value of R L suggest a highly appropriate adsorption. If R L > 1 inappropriate, R L = 1 linear, 0 < R L <1 appropriate, and if R L = 0 irreversible. Table 3 gives the determined value of R L for various concentrations of the cationic surfactant. The value of R L was found to be less than unity indicating that adsorption processes were appropriate. 0.1437 5x10 -4 0.0325 1x10 -3 0.0165 5x10 -3 0.0033 The experimental data have been then fitted into the modified form of the Langmuir isotherm which known as El-Awady kinetic-thermodynamic adsorption model, which may adequately represent the adsorption behavior of the cationic surfactant on the C-steel surface. El-Awady isotherm is represented by the following equation [44] :
where, K′ is a constant, and y is the number of inhibitory molecules occupying one active site.The plot of ln (θ/1-θ) versus ln(C) gives a straight line of slop y and the intercept of ln (K′), as shown in Fig.9 . The equilibrium constant corresponding to adsorption isotherm is given by the following equation:
where y denotes the number of inhibitor molecules occupying a given position. The value of y > 1 means a multi-layer formation of the inhibitor on the metal surface. The value of y < 1 means a certain inhibitor molecule occupies more than one active site. The value of y was less than the unit indicating the assumptions of the Langmuir adsorption isotherm. The behavior of the equilibrium constants acquired from the Langmuir model was analogous to the values acquired by kinetic-thermodynamic model. The values of K ads , indicating the binding force of the cationic surfactant on the surface of the C-steel and leads to calculate the free energy of adsorption ΔGº ads , using the following equation [45] :
where R is the molar gas constant, T is the absolute temperature and 55.5 is the concentration of water in solution expressed in mol dm -3 .
The calculated ΔG o ads values are given in Table 4 . It is clear that from these values, the adsorption mechanism of cationic surfactant on the C-steel surface from in 1 M HCl solution is mixed physical and chemical adsorption but chemical adsorption is more than physical one [26] . The obtained value of ΔH o ads is positive this means that the adsorption of cationic surfactant molecules onto the C-steel surface is an endothermic process, which is attributable unequivocally to chemisorption [47, 48] .
The positive value obtained from ΔS o ads indicates that the adsorption of cationic surfactant from the aqueous electrolyte can be considered as replacement process between the inhibitor in the aqueous electrolyte and the water molecules on the surface of the C-steel [49] . 
Potentiodynamic polarization curves
Fig . 11 shows the potentiodynamic polarization curves for C-steel in 1.0 M HCl in the devoid of and containing of different concentrations of synthesized cationic surfactant. Both the anodic and cathodic reactions of C-steel with acid can be seen inhibited in the presence of the cationic surfactant molecule.
Thus, the presence of cationic surfactant molecule diminishes the dissolution of C-steel as well as minimize the hydrogen evolution reaction. Table 5 displays the obtained corrosion parameters, E corr , anodic Tafel slopes (β a ), cathodic Tafel slopes (β c ) and corrosion current density (i corr ) are recorded in Table 1 . In this case, the inhibition efficiency was evaluated from the equation (13) Table 5 shows that the values of βc and βa have changed slightly; indicating that the mechanism of C-steel corrosion does not alter. By increasing the concentration of the cationic surfactant, the values of i corr are lowered due to the adsorption of it on the C-steel surface. The values of inhibition efficiency increase with the inhibitor concentration. The value of E corr is nearly constant .The shift in E corr ≤ 7 by comparing the values of E corr of the inhibited sample with the E corr of the uninhibited sample suggested that the cationic surfactant molecule is a mixed type of inhibitor [51, 52] .
It is clear that there is a good correlation between the values of and obtained from weight loss and potentiodynamic polarization measurements. The Nyquist diagram obtained using1M HCl showed only one capacitive loop and increased semicircle diameter with increased cationic surfactant concentration indicating that the inhibitory film formed was enhanced by the addition of inhibitors as shown in Figure 12 .
All the plots obtained showed only one semicircle and they were fitted using a fixed constant model once (Model Randall Fig.13 ). Bode plots (Fig. 14) showed that the addition of an inhibitor causes an increase in the interfacial impedance, which further increases upon increasing concentration of the inhibitor. At intermediate frequency, one peak only appeared in the phase-angle plots indicates a single time constant for the corrosion process at the metal-solution interface. All the major parameters derived from the impedance technique using the equivalent circuit are given in Table 6 . The values of capacitance of double layer (C dl ) derived from fixed phase element (CPE) parameters using the following equation [30] :
where Q is the CPE constant, ω max is the angular frequency in rad. S -1 , ω = 2πf max , (where f is the frequency at which the imaginary component of the impedance is maximum),i is the imaginary number and n is a CPE exponent which can be used as a gauge of the heterogeneity or roughness of the surface [52] . The value of n has the range of 0 ≤ n ≤ 1. If the electrode surface is homogeneous and plane, the value of n equals to 1 and the metal-solution interface acts as a capacitor with regular surface [53] . The values of n were in the range from 0.85 to 0.91, indicating non-ideal capacitive behavior. The inhibition efficiency (η z ) was calculated from the following equation:
where R o ct and R ct are the charge-transfer resistance values without and with inhibitor, respectively.
For a deviation from an ideal circular shape, it is often known as frequency dispersion, due to the surface roughness and the heterogeneity of the solid surface [54] The change of R ct values according to the gradual replacement of the water molecules by the cationic surfactant molecules on the surface of the C-steel and thus to the reduced the number of active sites required for the corrosion reaction. Furthermore, the values of C dl were decreased with increased cationic surfactant concentrations. The decrease in C dl may be due to the low local dielectric constant and/ or the increase in the thickness of the protective layer on the surface of the electrode, thus enhancing the corrosion resistance of the studied C-steel
CONCLUSIONS
1. The synthesized novel cationic surfactant is effective inhibitor for corrosion of C-steel in 1 M HCl solution.
2. Novel cationic surfactant works as a mixed-type inhibitor.
3-The good inhibition efficiency of the novel cationic surfactant was interpreted by its adsorption on the C-steel surface and formation of a protective film.
4. The adsorption of novel cationic surfactant on C-steel surface obeys Langmuir isotherm. 5-Thermodynamic parameters indicate that the cationic surfactant is strongly adsorbed on Csteel surface.
